Abstract-The optimal scheduling of load tap changers (LTCs) and switched shunt capacitors for simultaneously minimizing energy loss and improving voltage profile while taking harmonics into account is performed using evolutionary-based algorithms (EAs). The proposed algorithm is capable of optimizing large distribution systems with different types of nonlinear loads. The decouple approach is employed for harmonic power-flow calculations, while two EAs are developed to determine the load interval division and near-optimal schedule. The inclusion of harmonics provides the optimization benefits while maintaining the acceptable distortion levels. The scheduling is carried out for the IEEE 123-bus with 14 shunt capacitors and 12 nonlinear loads. The main contributions are inclusion of harmonics in the optimal scheduling problem and its application to large distribution systems with multiple nonlinear loads.
I. INTRODUCTION
W ITH a constantly changing electricity load, the operation of a distribution system has become quite complicated. If not carefully managed, the load variations may result in either the electricity demand not being fully satisfied or the electricity supplied to the customer has poor quality. The operation planning in the distribution system is therefore necessary to satisfy the demands in both technically acceptable and economically optimal. This essentially consists of scheduling load tap changers (LTCs) and switched shunt capacitors to prevent voltage violations and power-loss escalation due to load variations. The objective of the planning is to keep the voltage within the preset limits under changing load conditions while minimizing power losses.
The extensive applications of harmonic-generating devices in distribution system necessitate the planning to be extended by taking harmonics into account. Disregarding harmonics may lead to unacceptable results due to increased distortion levels and additional power losses [1] . As the real distribution systems usually consist of a large number of buses with different types of nonlinear loads, the planning needs to be carried out for the large distribution system involving a number of harmonic-generating devices. However, considering harmonics will lead the planning to be very complicated, significantly influencing the optimization problem [2] , [3] and may generate different results. It may also reduce the optimization benefits [4] . Optimizing the distribution system for power-loss reduction and voltage profile improvement by optimally allocating a number of shunt capacitors while taking harmonics into account has been performed [5] - [7] . However, this was carried out for single load conditions. This paper considers load variations over a 24-h period and performs optimal scheduling using LTC and shunt capacitor banks.
Optimal scheduling of LTC and shunt capacitors is a multiphase decision-making problem with discrete variables and a nonlinear objective function [8] . The value of the objective is determined from power-flow solutions given the settings of control variables. Furthermore, it is preferable to achieve the objective value in the least possible number of control steps. The relation between bus voltage and control variables, which is highly nonlinear, makes the problem quite complicated [9] . On the other hand, the fulfillment of switching constraints will further lead the computation to be very intense. Conventional dispatch planning algorithms disregard harmonics in order to avoid further complexities.
This paper proposes an effective technique for the optimal scheduling problem while taking harmonic distortions into account. Evolutionary-based algorithms (EAs) are proposed for load interval division and near-optimal scheduling, while a relatively fast and accurate decoupled harmonic load-flow algorithm is developed and used as the backbone of the optimization problem. The optimization is carried out for the IEEE 123-bus system with five types of nonlinear loads connected to 12 buses.
II. PROBLEM FORMULATION

A. Harmonic Power-Flow Calculation
For a harmonic power-flow calculation, a decouple approach is developed and employed as a backbone of the optimization algorithm. This is justified due to the acceptable accuracy of the proposed decoupled harmonic power flow (DHPF) and the fact that industrial distribution systems consist of a large number of linear and nonlinear loads that cause convergence and memory storage problems if the harmonic couplings are accurately considered.
At harmonic frequencies, the system is modeled as a combination of passive elements and harmonic current sources. The 0885-8977/$25.00 © 2007 IEEE related admittance matrix is modified according to the harmonic frequency [10] , [11] . The general model of linear load as resistance in parallel with a reactance is utilized [12] . Nonlinear loads are modeled as current sources that inject harmonic current into the system. The fundamental and the th harmonic current of the nonlinear load installed at bus with real power and reactive power are modeled as (1) (2) where is the ratio of the harmonic current to its fundamental. The harmonic voltages are computed by solving the following load-flow equation:
The voltage at bus is defined as (4) and the related total harmonic distortion of voltage is where is the highest harmonic order considered. At the th harmonic frequency, power loss in the line section between bus and is (6) and the total power loss, including losses at harmonic frequencies, for an bus system is (7)
B. Optimization Problem Formulation
The objective function of the scheduling problem is the minimization of energy loss over a 24-h period (8) where is total power loss at hour as a function of and that are the status of shunt capacitors and LTC tap position, respectively. While is the time interval that is normally taken as 1 h. This objective function is subjected to the following constraints.
• Voltage constraint (9) where and are the respective minimum and maximum limits of the voltage at bus .
• Total harmonic distortion of voltage where and are the distortion at bus and the maximum distortion allowed, respectively.
• Maximum switching operation of LTC where and are the LTC tap position at hour and maximum LTC switching, respectively.
• Maximum switching operation of shunt capacitors (12) where and are the status of capacitor at hour and maximum switching allowed, respectively, while is the number of shunt capacitors.
III. SOLUTION PROPOSED
The interdependence between the bus voltage and capacitor setting makes the optimization problem very complicated. The switching effects of shunt capacitors on the secondary bus voltage may cause an LTC tap position change, which forces LTC to operate too frequently, resulting in the reduction of LTC lifetime and higher maintenance cost. Some simplifications to avoid this oscillation have been proposed, such as the independent operation of LTC and shunt capacitors to separately control secondary bus voltage and reactive power [13] and the determination of capacitors' switching status prior to LTC tap status [14] - [19] . Unfortunately, these simplifications severely reduce the optimization benefits. Problem dimension is another difficulty that leads the optimization to encounter "dimensional exploration disaster" [20] . The maximum switching limitation of control devices makes computation very intense, as this constraint can only be confirmed after evaluating all states over the study period [21] . Furthermore, taking the harmonics into account results in an additional computational burden as the calculation should be extended for harmonic frequencies.
The aforementioned difficulties highlight the necessity of solving the problem effectively without reducing the solution accuracy. The interdependence between capacitor switching and LTC tap movement emphasizes the simultaneous scheduling of these switched elements. The problem with a very large dimension may be effectively taken in hand by employing the most suitable technique. To effectively satisfy the maximum allowable number of LTC switchings, the daily load curve will be divided into several intervals [22] . The optimal intervals determination should be effectively carried out by the chosen technique. The selected technique should also be capable of providing the possibility of checking the switching constraints of any possible schedule prior to calculating it. These will greatly reduce the computational burden due to unnecessary calculations for the infeasible schedules.
According to the aforementioned considerations, EAs are therefore proposed to be employed for this optimization problem. In addition to its general features, the proposed algorithms are justified due mainly to their encoding ability that enables comprehensively considering the simultaneous scheduling of LTC and shunt capacitors and checking the switching constraints before performing unnecessary calculations.
IV. IMPLEMENTATION OF THE PROPOSED EAS
EAs based on genetic concepts are robust and find near global optimal solutions as they perform a multidirectional search. They belong to the class of probability, but they are different from random algorithms as they combine elements of the directed search by maintaining the potential solutions. The disadvantage of this technique is the long processing time associated with it.
The proposed algorithms are initially constituted by a population of randomly generated candidate solutions, followed by a cycle of three stages: 1) evaluation of each candidate solution in the population; 2) selection of candidates for regeneration of new population; and 3) manipulation of candidates by crossover and mutation. Completing this cycle means that one iteration has occurred. After a number of iterations, the algorithm converges and the best candidate represents a near-optimal solution. In this paper, EAs are employed for the determination of a near-optimal load curve interval and a near-optimal dispatch schedule as shown in Fig. 1 .
A. Load Interval Division
The idea of load interval division is based on the reality that several apparent load levels exist during a day. These intervals can therefore be used to determine the LTC tap position; which remains constant during a load interval and may differ at a different load interval. A typical load curve [23] is shown in Fig. 2 and will be used in this paper.
The load curve shown in Fig. 2 indicates that there are some intervals where the load variations are fairly small. If the load intervals can be properly determined, the schedule of the LTC tap position can be effectively established. This will not only take into account the overall daily load change, but also easily satisfy the switching constraint (11) . By having the accurate result of load forecasting, the LTC dispatch obtained in this way can be practically implemented. In order to determine the intervals for the entire load curve that result in a near-optimal LTC schedule, the number of intervals is initially assumed. A single possible solution is called a candidate and consists of a number of binary substrings arranged in linear succession. An evolutionary-based algorithm is then employed to determine the intervals. For this purpose, the candidate that represents possible interval combination is constructed as
The candidate The substring value The intervals
The candidate consists of a number of binary substrings according to the number of intervals considered. Each substring corresponds to the value indicating the length of an interval. The sum of all substring values indicates the total length of the entire interval, which is 24 h. If the length of the substring is 4, as the aforementioned case, the length of the candidate is , where is the number of intervals assumed. A longer number of intervals may result in more precision of intervals; however, it will result in the longer candidate length, thereby increasing calculation cost. In this paper, the number of intervals considered is 4 and the length of the substring is 4, so that the length of the candidate is 16. Candidates are evaluated using the following fitness function [22] : (13) Subject to (14) where is a constant that converts the fitness function to the standard form, and are active and reactive powers (at hour and load interval ), and are average active and reactive powers (at load interval ), is number of hour at the th load interval, and is the number of intervals assumed.
B. Dispatch of LTC and Shunt Capacitors
With the near-optimal load intervals in hand, the possible LTC tap position at every hour in a day can be determined. The construction of candidate for LTC tap scheduling is
The candidate The substring value The intervals
The candidate consists of a number of binary substrings according to the number of load intervals. In this paper, it is assumed that the difference between the consecutive LTC tap positions is no greater than 15. Hence, the substring of 4 b is used. The eligible candidate is therefore that which has the sum of a substring value that is no more than the maximum allowable LTC switching operation.
For shunt capacitors at the substation, their switching operation is limited by the maximum allowable switching. Therefore, the candidate that represents the switching schedule for these shunt capacitors consists of several substrings where each substring denotes the switching status for the shunt capacitor for 24-h period. If the th bit is 0, the status of that shunt capacitor at hour is "off." Therefore, the length of every substring is 24 b and the length of candidate for shunt capacitors is . The candidate is eligible if the switching number in every substring is no more than the maximum switching limit.
The shunt capacitors installed at distribution feeders are normally allowed to be switched "on" and "off" once a day [22] . Therefore, it requires determining the time for switching the capacitor "on," and the duration for keeping it "on." The substring that represents the schedule for every shunt capacitor can be formed where the first segment represents the switch on time and the remaining represents the "on" duration. Since the latest time to switch it on or the maximum "on" duration is 24, a segment of 5 b is used and, therefore, the length of substring is 10 b. For the following example of a substring:
The substring The segment value The segment (FIG. 3) The associated actual schedule is The eligible substring is that which has a total segment value of no more than 24. The qualified candidate can only be formed by the eligible substrings. The length of candidate for the feeder shunt capacitors is . Constructing the candidates in this way will greatly reduce its length, particularly for the system with a large number of feeder shunt capacitors.
The final eligible candidate representing the 24-h scheduling of LTC and shunt capacitor is consecutively constructed by the eligible candidate for LTC, substation shunt capacitors, and feeder shunt capacitors. For the optimization problem where the number of load intervals assumed is , and the number of substation and feeder shunt capacitors is, respectively, and , the length of candidate is . Every candidate at each iteration is evaluated by the following fitness function: (15) where is the per-unit energy loss, is the per-unit voltage violation at bus at hour , and is the perunit THD violation at bus at hour while , , and denote the weighting coefficients of energy loss, voltage violation, and THD violation, respectively. The evaluation of every single candidate using the aforementioned fitness function requires running the decoupled harmonic power flow (DHPF) 24 times. This will increase the computing time.
V. SIMULATION RESULTS AND DISCUSSION
A. System Data
The IEEE 123-bus system [24] with the addition of 14 shunt capacitor banks (Table I ) and 12 nonlinear loads (Table II) , is used in this paper (Fig. 3) . Nonlinear loads are modeled with harmonic current sources (Table VI) and linear loads are presented as 50% constant impedance and 50% constant power. The peaks of both real and reactive loads are assumed to change according to the curve indicated in Fig. 2 . The maximum and minimum voltage limits at every bus are 1.05 and 0.95 p.u., respectively. The allowable maximum switching operation of LTC is 30, while the maximum switching allowed for shunt capacitors on substation and on the feeders is 6 and 2, respectively. Only the characteristic harmonics resulting from the nonlinear loads are considered to avoid complexity. Noncharacteristic harmonics may arise due to unbalance waveform and have not been considered in this work.
B. Evolutionary Strategy of the Proposed Algorithms
The initial candidates are randomly generated and those which satisfy the switching constraints are selected to construct the initial population. The crossover is carried out by selecting the candidates using the tournament method [25] and is performed by one-point crossover [26] . The probability of crossover and mutation, population size, and weighting coefficients are fixed throughout the iteration. The best candidate in every iteration is transferred directly to the next population. According to the selected number of load intervals and the system data Length of candidate Simulations are performed for 30 candidates and the number of iteration is set to 50. The number of initial candidates as well as the number of iteration may be increased to achieve more accurate results; however, this will significantly increase the computation time. The crossover and mutation rates are set to 60% and 1%, respectively. Weighting coefficients influence the results and, on the other hand, different running of algorithms tends to generate slightly different results even for the same initial conditions. Finding the best compromised values for weighting coefficients, initial population, and iteration number are expected to generate accurate results with reasonable computation times. Simulations are performed using MATLAB version 7.0.1 R14 and a desktop PC (Pentium 4 Intel, 3.0-GHz processor and 512-MB RAM).
C. Simulation Results for (Non) Sinusoidal Conditions
The results of near-optimal scheduling of LTC and shunt capacitors for the IEEE 123-bus system under sinusoidal and nonsinusoidal (including the injected harmonics by the nonlinear loads) operating conditions are provided in Tables III and IV , respectively. The original tap position of the LTC is 0 and the initial status of all capacitors is "off" (0). Inspection of the near-optimal scheduling (Tables III and IV) indicates that all switching constraints are fully satisfied (Tables III and IV) , voltage improvements are achieved (Fig. 4) , and harmonic distortion is controlled (Fig. 6) .
For both sinusoidal and nonsinusoidal operating conditions, bus 114 has the lowest voltage level during the optimization procedure (Fig. 4) . The improved voltage levels are different for sinusoidal and nonsinusoidal conditions. The hourly reduction of real power losses achieved by the scheduling is shown in Fig. 5 . It shows daily energy savings of 1024.00 kWh and 1789.80 kWh for optimization under sinusoidal and nonsinusoidal conditions, respectively.
One of the main objectives for inclusion of harmonics in the scheduling problem is to control the total harmonic distortion (THD) level of all buses and to maintain them within the recommended limits (e.g., IEEE 519 [27] and IEC 61000 [28] ). Fig. 6 shows the THD reduction of the bus with the highest THD level (Fig. 3, bus 81 ), before and after the optimization. As expected, the proposed optimization algorithm has successfully limited all THD levels below the selected maximum value of 5%. The aforementioned results indicate the strong influence of harmonics on optimization results. The different generated schedules from the two different operating conditions result in different optimization benefits as indicated in Table V .
D. Sinusoidal Near-Optimal Schedule Used for Nonsinusoidal Operation
The impacts of harmonics are further highlighted using the sinusoidal schedule (Table III) for nonsinusoidal operating conditions. Simulation results indicate over voltage problems (e.g., at bus 150 (swing bus) from hour 10 to 15), lower energy savings of 1739.50 kWh, and unacceptable THD levels at some buses. This justifies the stipulation of including harmonics in the optimal dispatch scheduling of power systems in the present on nonlinear loads.
At hour 24, all buses have a THDv higher than the acceptable maximum level of 5%. The lowest (5.53%) and the highest (Fig. 3, bus 114 ) under sinusoidal and nonsinusoidal (harmonic) operating conditions.
(6.46%) THDv levels occur at buses 100 and 1, respectively. The lower energy savings are due to the fact that the voltage (Table IV) denotes that capacitor C14 is never switched on during the scheduling period. This confirms that less compensation is needed for voltage improvement in harmonic scheduling optimization due to the harmonic voltage increment. However, the related average voltage improvement of the harmonic operating condition is higher than that of the sinusoidal operating condition as indicated in Table V. The result   TABLE VI  HARMONIC SPECTRUMS OF NONLINEAR LOADS (FIG. 3, TABLE II) of running the sinusoidal schedule in the harmonic optimization environment also indicates lower energy savings of 1739.50 kWh.
VI. CONCLUSION
Optimal scheduling of LTC and shunt capacitors for simultaneously reducing energy losses and improving the voltage profile while taking harmonics into account is performed using evolutionary algorithms based on genetic concepts. A decoupled harmonic power-flow algorithm is developed to include the effects of nonlinear loads and two algorithms are used for load interval division and device scheduling. Simulation results are presented for the IEEE 123-bus system with multiple nonlinear loads.
• The proposed evolutionary-based algorithms have effectively achieved the optimization goals under (non)sinusoidal operating conditions. • The developed method also enables checking switching constraints prior to performing calculation for any possible schedule. This effectively reduces the computation burden due to unnecessary calculations for infeasible schedules.
• Harmonics have a great impact on the scheduling of LTC and shunt capacitors and including them in the optimization procedure is necessary to avoid unacceptable voltage violations, losses escalation, and THD levels.
• Inclusion of harmonics requires longer computing time.
• Proper selection of optimization parameters (weighting functions, number of initial solutions, and iteration) will improve the solution and reduce the computing time.
• The application of the conventional optimal dispatch scheduling for nonsinusoidal operating conditions is not acceptable and will cause voltage limit violations, additional power losses, and high THD voltage distortions. APPENDIX Harmonic contents consisting of magnitude (%) and angle (degree) of the five nonlinear loads employed in this paper are indicated in Table VI. 
